Introduction
============

The obstruction of urinary tract can occur during fetal development, childhood, or adulthood. The causes of obstruction may be congenital or postnatal, and may be benign or malignant. Some congenital diseases (eg, ureteropelvic junction obstruction and retrocaval ureter), secondary ureteral strictures, and trauma and iatrogenic injuries require reconstructive surgery. The application of a ureteral stent significantly increases the success rate of upper-urinary-tract reconstruction operations, maintains the drainage of urine, and prevents scar formation. However, some serious complications persist, including a separate cystoscopic procedure for removal, irritative voiding symptoms, hematuria, pain, infection, and encrustation.[@b1-ijn-10-3055]--[@b7-ijn-10-3055]

With the widespread application of degradable materials in medicine, the degradable ureteral stent can provide temporary urinary drainage, decrease morbidity, and preclude a secondary procedure for removal. The dissolvable stent produced by Lingeman et al showed the unsatisfactory results of poor fixation and a tendency to drop in clinical trials, which caused hydronephrosis and left debris in the pelvis.[@b8-ijn-10-3055] Chew et al invented several types of degradable Uriprene™ ureteral stents with undesirable results due to uncontrollable degradation, which involved the sudden disintegration of material and caused transient obstruction in animal trials.[@b9-ijn-10-3055]--[@b11-ijn-10-3055] Fu and coworkers produced a polylactide (PLA) ureteral stent, and the animal trials validated that it required more than 80 days to achieve total degradation.[@b12-ijn-10-3055] In addition, some metal alloys have emerged as potential degradable biomaterials, but, as far as we are aware, no degradable metal ureteral stent has yet been reported in the literature.[@b13-ijn-10-3055],[@b14-ijn-10-3055]

Our group has developed a variety of ureteral stents fabricated from poly(lactide-co-glycolide) (PLGA), with which we have made great progress to the current phase, but many urgent problems still remain: (1) the material is hard and brittle, exhibits poor shape memory, and lacks inner fixation; and (2) several fracture events occur during degradation, which cause ureteral obstruction.[@b15-ijn-10-3055],[@b16-ijn-10-3055]

Electrospinning has gained much popularity recently as an enabling nanotechnology process for making seamless tubular scaffolds of various diameters and lengths from an assortment of synthetic and natural polymers for tissue engineering.[@b17-ijn-10-3055]--[@b19-ijn-10-3055] The diameters of fibers and pore sizes of scaffolds can be controlled by the solution composition and spinning condition.[@b20-ijn-10-3055]--[@b23-ijn-10-3055] In our previous study, the degradable poly(ε-caprolactone) (PCL)/PLGA stents with 5, 10, 15, 20, 25, and 30 wt% of PCL were successfully fabricated by electrospinning.[@b24-ijn-10-3055],[@b25-ijn-10-3055] The stents have nanostructures with the pore sizes of 50--180 μm. It is supposed that urine can flow through the stent freely. The stent will not cause obstruction, even if broken. The obtained ureteral stents presented adjustable mechanical properties and in vitro degradability, and thus might meet the requirements of a degradable ureteral stent.[@b24-ijn-10-3055],[@b25-ijn-10-3055] Inspired by these results, a novel stent reported in this study containing gradient components of PCL and PLGA was designed and fabricated using the technique of double-nozzle electrospinning ([Figure 1](#f1-ijn-10-3055){ref-type="fig"}), in which PCL/PLGA solutions with 15 and 25 wt% of PCL were separately added to the two syringes. This stent comprised three parts: the proximal (25 wt% of PCL), middle (15 and 25 wt% of PCL), and distal (15 wt% of PCL). Because of the different contents of PCL, the stent would degrade gradually from the distal end to proximal terminal. In addition, the physiological and histological responses elicited by this stent were evaluated in a porcine model compared to those of standard biostable stents.

Experimental section
====================

Fabrication of ureteral stent
-----------------------------

PCL with a viscosity average molecular weight (*M*~η~) of 100,000 Da and PLGA (lactide (LA):glycolide (GA) =80:20) with *M*~η~ of 60,000 Da were bestowed by Changchun SinoBiomaterials Co, Ltd (Changchun, People's Republic of China). PCL and PLGA were mixed at specific mass percentages; that is, the mixture contained 15 or 25 wt% of PCL. The mixtures were dissolved in chloroform at a concentration of 5 wt% to prepare a spinning solution. To achieve the X-ray-positive property, 10 wt% of barium sulfate was added to the solution. The apparatus for electrospinning comprised a high-voltage power supply (0--50 kV), two 5.0 mL syringes containing a blunt 12G needle, and a rotating mandrel. The flow rate of the solution was controlled to 3.0 mL h^−1^, and the applied voltage, distance from the needle tip to mandrel, and the rotating rate were set to 20.0 kV, 15.0 cm, and 120.0 rpm, respectively. The scaffold was removed from the mandrel and dried. The microstructure of the stent was investigated by scanning electron microscopy (SEM). All test stents were previously sterilized before implantation by γ-irradiation.

Animal procedure
----------------

The study protocol was approved by the Institutional Animal Care and Use Committee of Jilin University, and all efforts were made to minimize suffering. A total of ten female Changbai pigs weighing 30--35 kg were used. The animals were ranked by weight and randomly divided into two groups. Six pigs were stented unilaterally and endoscopically with a biodegradable PCL/PLGA stent, and the remaining four pigs were stented with a 6Fr biostable polyurethane double "J" stent, which was cut into a single "J" stent with a length of 15 cm (Shagong^®^, Zhangjiagang Shagong Medical Equipment Technology Development Co, Ltd, Jiangsu, People's Republic of China). Intravenous pyelography (IVP) was performed according to the schedule, that is, on Days 14, 28, 42, 56 and 70. Blood samples from the cephalic vein and urine samples were collected from all animals on Days 0, 14, 28, 42, 56, and 70. At 70 days, all animals were sacrificed, and necropsy was done.

Stent insertion technique
-------------------------

All the procedures were done under general anesthesia. All animals received intramuscular ceftazidime as antibiotic prophylaxis. Before stent insertion, urine was collected for urinalysis using an ureteroscope. A 0.035-inch-diameter polytetrafluoroethylene-coated Sensor™ Guidewire was inserted in the ureter, followed by an ureteroscope to confirm that there was no stricture or stone in the ureter. Then the ureteroscope was removed, and either a PCL/PLGA stent or commercial Shagong^®^ stent was inserted over the guide wire. A Cook^®^ pusher (Cook Medical Technologies LLC, Bloomington, IN, USA) was used to push the stent into the renal pelvis under fluoroscopic guidance. The guide wire was then removed, and only the stent was left. IVP was performed to confirm that the proximal end of the stent was in the renal pelvis, and the distal end was in the lower segment of the ureter.

IVP
---

In all animals, hydronephrosis was quantified by IVP on Days 0, 14, 28, 42, 56, and 70, and the degree of hydronephrosis was categorized. At Level 0, animals had an equivalent time for the passage of intravenous contrast agent in the stented kidney compared to in the contralateral non-stented kidney and an undilated collecting system; Level 1 was classified as a slightly prolonged time to see the contrast material in the kidney or mild dilatation of pelvis, calyx, or ureter; Level 2 was classified as a deferred time to see the contrast reagent in the kidney or moderate hydronephrosis; Level 3, or severe hydronephrosis, was assigned when no contrast material was seen to enter the stented kidney, or a severely hydronephrotic kidney was seen.

Sacrifice and necropsy
----------------------

At 10 weeks, all animals were sacrificed, and necropsy was done to excise the kidneys, ureters, and bladder en bloc. Gross pathological findings of certain organs were assessed at necropsy. In addition to any grossly abnormal tissue, a representative section of each organ was stained with hematoxylin and eosin (H&E). Tissues from the two groups were compared. A severity grade of 0 to 4 was assigned to the urinary-tract tissues according to the literature:[@b11-ijn-10-3055] (1) dilatation, that is, an increased renal tubule diameter mainly in the papillae and medulla without an effect on the tubular epithelium; (2) hypertrophy/hyperplasia, referring to increased size or hypertrophy of individual transitional epithelial cells and increased layers or hyperplasia of the mucosal transitional epithelium; (3) inflammation and lymphoplasmacytic (infiltrates variable numbers of lymphocytes, plasma cells, macrophages, and eosinophils, which occurred in the interstitium in multiple foci); and (4) vacuolation, cytoplasmic, and mucinous (distinct cytoplasmic vacuoles in transitional epithelium containing pale blue-gray, amorphous material characterized as mucus by a positive periodic acid--Schiff stain in select sections).

Statistical analysis
--------------------

Results are expressed as mean ± standard deviation. One-way analysis of variance (ANOVA) was used to compare the quantitative data between the PCL/PLGA stent and Shagong^®^ stent groups. Hydronephrosis scores were compared using two-way repeated-measures ANOVA and Bonferroni's post hoc test. Statistical analysis was carried out using SPSS software (v 17.0; IBM Corporation, Armonk, NY, USA). A *P*-value of 0.05 was considered to be statistically significant.

Results
=======

Morphology of stent
-------------------

[Figure 2A](#f2-ijn-10-3055){ref-type="fig"} is a digital photo of a PCL/PLGA stent. The stent was white, with a length of 15--20 cm, an inner diameter of 1.5 mm, and an outer diameter of 2.0 mm. There was no coil in each end of the stent. The stent was soft with some toughness and shape memory, and it could not be easily broken by bending. [Figure 2B](#f2-ijn-10-3055){ref-type="fig"} is an SEM microimage of the stent. The stent was composed of nanofibers with a multi-pore structure, and the diameters of the fibers were 120--1,100 nm and the pore sizes were 60--160 μm.

Animal operations
-----------------

A total of ten pigs with a mean weight of 34.0±1.6 kg were successfully stented unilaterally using a biodegradable PCL/PLGA stent (n=6) or a Shagong^®^ stent (n=4). There were no complications in the postoperative period. No stent migration or mortality occurred during the observation time. There were no difference in body weight in either group at any time points (*P*\>0.05) ([Figure 3A](#f3-ijn-10-3055){ref-type="fig"}). All pigs survived to the end of the study.

Clinical biochemical analysis and urinalyses
--------------------------------------------

In the PCL/PLGA stent and Shagong^®^ stent groups, the levels of creatinine in serum remained similar throughout the entire study. That is, there was no difference in serum creatinine in either group at any time points (*P*\>0.05) ([Figure 3B](#f3-ijn-10-3055){ref-type="fig"}). In addition, urinalyses showed that there was also no difference in urine pH between the two groups (*P*\>0.05) ([Figure 3C](#f3-ijn-10-3055){ref-type="fig"}), but the number of white blood cells (WBCs) in the Shagong^®^ stent group was apparently higher after 8 weeks (*P*\<0.05) ([Figure 3D](#f3-ijn-10-3055){ref-type="fig"}).

Degradation of PCL/PLGA stent in vivo
-------------------------------------

Fourteen days after implantation, the PCL/PLGA stents showed no change in length ([Figure 4A](#f4-ijn-10-3055){ref-type="fig"}). All the implanted PCL/PLGA stents began to degrade in the distal end at 28 days, and four stents had degraded by more than 50% of their length at 42 days ([Figure 4B](#f4-ijn-10-3055){ref-type="fig"}). Four stents were completely degraded at around 56 days, and all stents were completely degraded before Day 70. There was no incidence of ureteral obstruction due to the degraded stent fragments and no retained pieces in the kidneys of test animals.

IVP results
-----------

IVP was performed to assess hydronephrosis. In the PCL/PLGA stent group, hydronephrosis was observed after 14 days ([Figure 5A](#f5-ijn-10-3055){ref-type="fig"}), and hydronephrosis was decreased at 42 days ([Figure 5B](#f5-ijn-10-3055){ref-type="fig"}). Only one case of mild hydronephrosis remained at 70 days ([Figure 5C](#f5-ijn-10-3055){ref-type="fig"}). In the Shagong^®^ stent group, a massively calcified stent caused a severe hydronephrosis ([Figure 5D](#f5-ijn-10-3055){ref-type="fig"}). On Day 42, no significant differences were observed in hydronephrosis severity score between the PCL/PLGA stent- and Shagong^®^ stent-implanted pigs (*P*\>0.05). As the indwelling time increased beyond 56 days, the level of hydronephrosis increased significantly in the Shagong^®^ stent group (*P*\<0.05) ([Figure 6](#f6-ijn-10-3055){ref-type="fig"}). Fortunately, it remained constant in the PCL/PLGA stent group.

Pathological assessments
------------------------

On Day 70, all pigs underwent necropsy following an overdose of anesthesia. The sizes of stented kidneys in each group were similar to those of non-stented kidneys ([Figure 7A](#f7-ijn-10-3055){ref-type="fig"}). No stent pieces were observed in the renal pelvis, ureter, or bladder. In the Shagong^®^ stent group, as previously mentioned, a massively calcified stent was observed ([Figure 7B](#f7-ijn-10-3055){ref-type="fig"}). On Day 70, the inflammation or hydronephrosis indicated by histopathological assays was more frequent and severe in the stented kidneys than in the non-stented kidneys. Interestingly, the bullous edema, an irregular surface and increased thickness of urothelium, was present only in the Shagong^®^ stent group ([Figure 7C--F](#f7-ijn-10-3055){ref-type="fig"}). It appears that the PCL/PLGA stent produced less bladder irritation and inflammation. No difference in histopathological severity score was observed in the middle and distal ureter sections, or the bladders of the PCL/PLGA stent- and Shagong^®^ stent-grafted animals (*P*\>0.05). In contrast, the PCL/PLGA stent-implanted pigs had significantly lower mean severity scores in the kidney and proximal ureter sections than the Shagong^®^ stent-implanted control pigs (*P*\<0.05) ([Figure 8](#f8-ijn-10-3055){ref-type="fig"}).

Discussion
==========

The PCL/PLGA stent is designed to degrade from the distal end to proximal terminal due to the different proportions of the stent. The degradation results show that the stents began to degrade at 4 weeks, and four stents had degraded by more than 50% in length at 6 weeks. Four stents had completely degraded by Week 8, and all stents had completely degraded before Week 10. No fragment was observed during the whole observation time. The results mean that the stent can degrade gradually from the distal terminal to proximal end. This unique feature eliminates the potential for ureteral obstruction due to degrading stent fragments in the distal ureter that may lead to hydronephrosis and renal damage.[@b11-ijn-10-3055] More importantly, the degradation time of the PCL/PLGA stent with gradient degradation is consistent with the ureteral recovery time in clinical practice.

The degradation rate of PLGA is related to the pH value of the environment. In the media conditions with lower pH, PLGA degrades faster generally.[@b26-ijn-10-3055]--[@b29-ijn-10-3055] Auge et al reports that the human urinary milieu is different from that of animals, whereas urinalyses indicate that the urine pH values of animals are close to those of humans.[@b30-ijn-10-3055] The degradation products of PLGA are acidic, and are easily metabolized in and eliminated from the body via the Krebs cycle.[@b31-ijn-10-3055] There were no differences in pH values between the two groups during the observation time (*P*\>0.05). This implies that the degradation of the stent does not change the pH of urine, and that it is safe for clinical use.

The clinical rate of urinary-tract infection related to ureteral stents is reported to be from 15.2 to 23.0%, and increases with the indwelling time of the stent.[@b32-ijn-10-3055]--[@b35-ijn-10-3055] In this study, the WBCs in the urine were counted to evaluate the infection instead of doing urine cultures due to the difficulty of getting uncontaminated urine samples. The levels of WBCs in the Shagong^®^ stent group were apparently higher than those in the PCL/PLGA stent group after 8 weeks (*P*\<0.05). This may indicate that the PCL/PLGA stent causes less infection. The theoretical reason is that the continually changing surface of the degradable stent creates an unfavorable environment for bacterial adhesion and colonization.[@b9-ijn-10-3055]

A ureteral stent can maintain the drainage of urine to decrease the extensive hydronephrosis caused by obstructing disease. However, whether stent implantation can cause or aggravate hydronephrosis is not clear.[@b11-ijn-10-3055],[@b36-ijn-10-3055],[@b37-ijn-10-3055] In this study, the stent was designed to degrade from the distal terminal to proximal end. This unique feature eliminates the potential for ureteral obstruction caused by degrading fragments of the stent. Nephrosis was observed in both groups after 2 weeks, while was decreased at 4 weeks in the PCL/PLGA stent group. Chew et al declare that the physiological and histological responses elicited by a degradable ureteral stent in a porcine model resemble closely those of humans.[@b10-ijn-10-3055] The placement of a ureteral stent can cause hydronephrosis, and this is a natural response to the indwelling stent, even in the absence of an obstruction disease.

Biocompatibility is an important characteristic for ureteral stents. Both PLGA and PCL have excellent biocompatibility and have been approved by the US Food and Drug Administration for using as biomaterials.[@b38-ijn-10-3055]--[@b45-ijn-10-3055] Our previous study showed that the PCL/PLGA stents fabricated by electrospinning have a good biocompatibility.[@b24-ijn-10-3055] In this study, no difference in histopathological severity score was observed in the middle and distal ureter sections or bladder between the two groups. In contrast, the PCL/PLGA stent group had significantly lower mean severity scores in the renal pelvis and proximal ureter sections than the Shagong^®^ stent group. In addition, bullous edema, an irregular surface and increased thickness of urothelium, was present only in the Shagong^®^ stent group. The reason for this may be that the urothelial cells in the PCL/PLGA stent group first reacted in the same way as those in the biostable Shagong^®^ stent group, but self-recovered after the degradation of the stent. The results suggest that the PCL/PLGA stent may trigger fewer stent-associated symptoms than the commercial Shagong^®^ stent.

Conclusion
==========

In the study reported here, a PCL/PLGA stent with gradient degradation was first fabricated by double-nozzle electrospinning. All of the stents had degraded from the distal terminal to proximal end by 10 weeks, with no ureteral obstruction in any animal. According to the IVP results, the PCL/PLGA stent did not increase nephrosis compared to the Shagong^®^ control stent in the implanted animals. In addition, the PCL/PLGA stent was more biocompatible than the control stent, considering foreign-body reactions, and tissue inflammation and edema. These excellent properties of the PCL/PLGA stent indicate its great potential for the clinical application in maintaining urine drainage while decreasing ureteral obstruction.
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![Schematic illustration of the fabrication of the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent and its gradient degradation after implantation into a porcine model.](ijn-10-3055Fig1){#f1-ijn-10-3055}

![(**A**) Digital photo and (**B**) scanning electron microscopy image of the poly(ε-caprolactone)/poly(lactide-co-glycolide) stent.\
**Note:** Scale bar in **B**=10 μm.](ijn-10-3055Fig2){#f2-ijn-10-3055}

![(**A**) Body weight, (**B**) serum creatinine, (**C**) urine pH, and (**D**) urine white blood cells (WBCs) in the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent- and Shagong^®^ stent-implanted pigs as a function of time.\
**Notes:** Data are presented as mean ± standard deviation (n=6 for the PCL/PLGA stent group and n=4 for the Shagong^®^ stent \[Zhangjiagang Shagong Medical Equipment Technology Development Co, Ltd, Jiangsu, People's Republic of China\] group; \**P*\<0.05).](ijn-10-3055Fig3){#f3-ijn-10-3055}

![Representative abdominal X-ray films of the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent-implanted animals (**A**) at 14 days after insertion with no change in length, and (**B**) at 42 days with degradation of more than 50% in length. Arrow indicates PCL/PLGA stent.](ijn-10-3055Fig4){#f4-ijn-10-3055}

![Intravenous pyelography images of the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent (**A**--**C**) and Shagong^®^ stent (**D**): (**A**) a mild hydronephrosis image at 14 days preoperatively; (**B**) the stent had degraded, and hydronephrosis was decreased at 42 days postoperatively; (**C**) in one case, mild hydronephrosis in the PCL/PLGA stent remained at 70 days; (**D**) a massively calcified stent caused a severe hydronephrosis in the Shagong^®^ stent group at 70 days.\
**Note:** Arrows indicate renal pelvis or ureter. Shagong^®^ stent (Zhangjiagang Shagong Medical Equipment Technology Development Co, Ltd, Jiangsu, People's Republic of China).](ijn-10-3055Fig5){#f5-ijn-10-3055}

![Intravenous pyelography hydronephrosis scores of the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent- and Shagong^®^ stent-implanted kidneys.\
**Notes:** Data are presented as mean ± standard deviation (n=6 for the PCL/PLGA stent group and n=4 for the Shagong^®^ stent \[Zhangjiagang Shagong Medical Equipment Technology Development Co, Ltd, Jiangsu, People's Republic of China\] group; \**P*\<0.05).](ijn-10-3055Fig6){#f6-ijn-10-3055}

![Representative macroscopic and microscopic images of the urinary tract: (**A**) the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent-treated pig on Day 70 after insertion showing no dilatation of renal pelvis or ureter; (**B**) the Shagong^®^ stent-grafted pig at 70 days after insertion showing a massively calcified stent and a dilated ureter; representative histopathological microimages of tissue slides revealing (**C**) normal epithelium (PCL/PLGA stent) and (**D**) inflammatory cell infiltration (Shagong^®^ stent) of the renal pelvis; representative histopathological microimages showing (**E**) normal epithelium (PCL/PLGA stent) and (**F**) severe inflammation of the ureter (Shagong^®^ stent) on Day 70.\
**Note:** Magnification is ×200 in (**C**--**F**).](ijn-10-3055Fig7){#f7-ijn-10-3055}

![Mean histological severity scores in different urinary segments of animals in the poly(ε-caprolactone) (PCL)/poly(lactide-co-glycolide) (PLGA) stent and Shagong^®^ stent groups for (**A**) the kidney, (**B**) proximal ureter, (**C**) middle ureter, (**D**) distal ureter, and (**E**) bladder.\
**Note:** Data are presented as a mean ± standard deviation (n=6 for the PCL/PLGA stent group and n=4 for the Shagong^®^ stent \[Zhangjiagang Shagong Medical Equipment Technology Development Co, Ltd, Jiangsu, People's Republic of China\] group).](ijn-10-3055Fig8){#f8-ijn-10-3055}
